Abstract: Root exudates, particularly low molecular weight carbon (LMWC) substrates, are major drivers of bacterial diversity and activity in the rhizosphere environment. However, it is not well understood how specific LMWC compounds-such as organic acids, soluble sugars, and amino acids-influence the community structures of denitrifying bacteria or if there are specific functions of LMWC substrates that preferentially respond to nitrogen (N) removal in constructed wetlands (CWs). To address these knowledge gaps, we added mixtures of artificial exudates to CW microcosms containing N pollutant. N removal efficiency was observed over a 48-h experimental period, and at the end of the experiment, DNA was extracted from microbial samples for assessment of the bacterial community. The removal efficiencies of TN for the exudates treatments were higher than for control groups by 47.1-58.67%. Organic acid and soluble sugar treatments increased N removal, while amino acids were negative to N removal. The microbial community was changed when artificial exudates were added, but there were no significant relationships between LMWC compounds and bacterial community composition. These results indicate that although the responses of community structures of denitrifying bacteria to LMWC additions are still uncertain, there is evidence for N removal in response to exudate additions across LMWC types.
Introduction
Nitrogen (N) compounds deriving from agricultural fertilizers and livestock manure can contaminate surface water, resulting in eutrophication [1] . Constructed wetlands (CWs) have been widely built as a cost-efficient remediation technology for N removal [2, 3] . Nitrification-denitrification is the dominant process for N removal in CWs, where all forms of N tend to transform into NO 3 − -N and are subsequently lost from the system due to denitrification. Hence, denitrification is the critical process in preventing water eutrophication in CWs. Most denitrification is accomplished by heterotrophic bacteria, and the process is strongly dependent on carbon (C) availability. There is a general correlation between denitrification being restricted or inhibited by lack of organic C in CWs [4, 5] . In traditional wastewater treatment systems, heterotrophic denitrification is often applied using external electron and C donors (for example, carbohydrates or organic alcohols) when endogenous organic donors originating from the waste are insufficient [6, 7] . There are many kinds of aquatic plants in CWs, and these may deliver low molecular weight carbon (LMWC) substrates via root exudates to fuel microbial denitrification [8] .
Many studies dedicated to comparing microbial community structures originating from different rhizospheres in CWs have suggested that differences in plants were partly responsible for divergences in the structures of microbial communities, which differ quantitatively and qualitatively with plant developmental stage and root location [9, 10] . These results might be interpreted as signs of root exudate diversity and availability. Microbial denitrification in response to root exudates has also been studied by many researchers. Salvato et al. [11] studied five emergent plant species for the decontamination of N-polluted water at the mesoscale level; they found that root exudates of Typha arundinacea and Phragmites australis exhibited a higher production of water-soluble C and achieved the highest denitrification percentages (37% and 34%, respectively). Huang et al. [12] found that the removal efficiencies of COD, NH 4 + , TN, and TP by Cyperus alternifolius were higher than those of Canna indica (per unit weight) and were significantly associated with root secretion and radial oxygen loss. To build on these previous studies, it is important to elucidate the availability of root exudates, particularly their effects on N removal and their response to denitrifying bacteria communities in CW. Despite more and more work related to exudates, key knowledge gaps remain, as most previous C-addition studies have used only a single substrate (e.g., acetate or methanol [13] ) or an undefined plant exudate (e.g., ryegrass root exudate [14] ). We have limited understanding of bacterial community shifts associated with the addition of specific C substrates. To the best of our knowledge, there are not any studies aimed directly at demonstrating the involvement of exudates in community structures of denitrifying bacteria in CWs. Current understanding of how the quality and amount of root exudates affect denitrifying microorganisms in CWs is insufficient. Denitrification processes are mainly catalyzed by different functional genes, and copper-containing nitrite reductase (nirK) and nitrite reductase (nirS) are the predominant genes, so nirK genes and nirS genes were chosen to evaluate denitifiers in the study.
In this study, we tested whether compositional differences in the inputs of LMWC compounds induce a change in the community of denitrifying bacteria. Three LMWC compounds (sugars, organic acids, and amino acids) which have often been described as root exudates were applied to CWs [15, 16] . After 30 days, nirK-and nirS-encoding denitrifying bacteria were detected by illumina high-throughput sequencing and real-time PCR. The main objectives of this paper were as follows: (I) to assess the influence of artificial root exudates (ARE) on N removal in CWs; (II) to assess the development of nir-encoding denitrifying bacteria when influenced by artificial exudates; (III) to evaluate the potential contribution of different C substrates as organic C sources for denitrificaiton in CWs.
Materials and Methods

Experimental Design
We set up laboratory-scale CWs using polyethylene barrels (inner diameter, 25 cm; height, 40 cm). All the CWs were filled with washed gravel (mainly Si 2 O 3 and Al 2 O 3 , 1 cm in diameter) as a substrate to a depth of 25 cm. Prior to use, the gravel was sterilized by alcohol to exclude any possible microbial biomass and diversity. A stopper was set at the bottom of barrel to collect effluents. Synthetic wastewater was prepared using (NH 4 ) 2 SO 4 , KH 2 PO 4 and KNO 3 . The water depth was kept 1 cm above the gravel surface. A sequencing fill-and-draw batch mode was applied to the influent. The characteristics of the influent water were as follows: TN was 9.2 mg L −1 , ammonium (NH 4 + -N) was 3 mg L −1 , nitrate nitrogen (NO 3 − -N) was 6 mg L −1 , pH was 7.0, dissolved oxygen (DO) was 8.0 mg L −1 , the hydraulic load was 0.1 m 3 m −2 batch −1 , and the hydraulic retention time was two days. The ambient temperature during the experiment was 20 • C. At the start of experiment, unidentified denitrifying bacteria were enriched from wetland soil by bacterial culture medium. Barrels were inoculated with 1% (volume ratio) of pre-incubated microbe. After acclimation for four weeks, biofilm attached on the gravel indicated microbes in the CWs were flourishing. At that point, ARE-LMWC substrates were added with influent water for 15 periods (30 days). To test for the effects of root exudate diversity, we created four artificial exudates mixtures: ARE, Glu(-), Org(-), and Ami(-). All the exudate treatments contained the same C concentration but different compounds (Table 1) , while the control treatment (Con) consisted of only deionized water. Overall, we set up 15 CWs (five different exudate treatments × three replicates). 
Sampling and Water Quality Analysis
In the 15th period of the experiment, water samples in the CWs were collected every 2 h up to 12 h, and subsequently at 24 and 48 h. Samples were filtered through a 0.45 µm pore size mixed-cellulose-ester membrane filter (Sangon Biotech, Shanghai, China) and analyzed for NH 4 + -N, NO 3 − -N, nitrite nitrogen (NO 2 − -N), and TN using a flow injection analysis instrument (QC8500, Hach, Loveland, CO, USA). DO were measured by a DO Meter (HQ30d, Hach, Loveland, CO, USA) in situ in accordance with the sampling time. After 48 h, water samples were collected to analyze organic acids and sugars using a high-performance liquid chromatography (HPLC) analyzer (Waters2690, Miford, MA, USA). The HPLC procedures and analytical materials followed the procedure described by Wu et al. [17] . After 30 days, 10 g of gravel from each CW was dropped into a conical flask containing 150 mL deionized water. All the flasks were placed on an orbital shaker (120 rpm) for 10 min and centrifuged (8000 rpm, 5 min, −20 • C). The precipitates from the flask were used for subsequent community DNA extractions.
DNA Extraction and qPCR Analysis
The total genomic DNA of each sample was extracted directly from the membranes using the PowerSoil DNA Isolation Kit (MIOBIO Laboratories) according to the manufacturer's instructions. Extracted genomic DNA was detected using 1.2% agarose gel electrophoresis and stored at −20 • C until further processing.
A Funglyn Biotech FTC-3000 real-time PCR system (Canada) was used to quantify the nirK genes using primers F1aCu (5 -ATCATGGTSCTGCCGCG-3 )/R3Cu (5 -GCCTCGATCAGRTTGTGGTT-3 ). The nirS genes were quantified with primers cd3aF (5 -GTSAACGTSAAGGARACSGG-3 )/R3cd (5 -GASTTCGGRTGSGTCTTGA-3 ). The total amount of the reaction mixture was 25 µL, comprising 12.5 µL of SYBR Premix Ex TaqTMII (Takara, Japan), 5 µL of template DNA (1-10 ng), and 0.3 µL or 1.0 µL of forward and reverse primers (10 mM) for the nirK genes and nirS genes, respectively; nuclease-free water was added to yield a total of 25 µL. The qPCR cycles were as follows: 10 min at 95 • C and 40 cycles of 10 s at 95 • C, 30 s at 55 • C, and 30 s at 72 • C. The threshold cycles (Ct) obtained in each PCR run were compared with those of the known standard DNA concentrations, and the expression of a glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the endogenous control to normalize the array. Standard curves were obtained following the procedure described by Di et al. [18] .
Illumina High-Throughput Sequencing
To construct the gene libraries, nirK genes and nirS genes were targeted using the F1aCu/R3Cu and cd3aF/R3cd primer sets. The DNA was extracted, and yields were measured by Illumina MiSeq2*300bp (Illumina, San Diego, CA, USA). The Illumina pyrosequencing was performed at TinyGene Biotech Co. (Shanghai, China). Sequences that were shorter than 250 base pairs (bp) and with a quality score lower than 30 were removed from the data sets, and sequence clustering into operational taxonomic units (OTUs) was performed with USEARCH software (v8.1.1756) at a sequence identity of 97% using the UCHIME algorithm (v4.2.40) [19] . Chao richness, ACE richness, Shannon diversity, and Simpson diversity were calculated by Mothur analysis at a distance level of 3% [9, 20] .
Statistical Analysis
All the data analyses were carried out using Microsoft Excel and an Origin9.1 software package. Each value was the mean value (±SD) of three replicates. Statistical analysis was carried out using the SPSS software (version 22, Chicago, IL, USA). One-way ANOVA and post-hoc Tukey's HSD tests were used to compare the degradation efficiency of LMWC substrates and compare the abundance of denitrifying bacteria in the different experiment treatments at the 5% significance level. Multivariate statistical analysis (redundancy analysis, RDA) conducted by a Canoco software package (Canoco for Windows 4.5, Biometris, Wageningen, The Netherlands) was used to investigate the relationship between key exudates and denitrifying microbes. Significance was assessed based on the mean of a 999 Monte Carlo permutation procedure (1000 unrestricted random permutations; p < 0.05) [21] .
Results
Pollutant Removal Performance
Pollutant removal performances of the experimental CWs are shown in Figure 1 . DO levels declined over the experiment. It is generally accepted that a DO level above 1.5 mg L −1 is essential for nitrification to occur. For most of the experimental treatments, the level of DO was beneficial to the process of nitrification up to 12 h. The presence of NH 4 + -N decreased during the 48 h experiment for all treatments. Although the inflow water did not inoculate nitrifying bacteria, the systems were not axenic over the experiment period, suggesting the presence of nitrifying bacteria which had been contributing to nitrification and decreasing NH 4 + -N. The removal efficiency of NH 4 + -N in the Control CW was higher than for CWs treated with LMWC, 3.34% to 35.28%. This difference may illustrate that artificial exudates inhibit nitrification. The removal efficiency of NO 3 − -N increased for the exudates treatment CWs, contrasting to 15.71% for the Control group. The NO 3 − -N removal efficiency for exudate-treated groups was 100% during the 48-h experiment, while NO 2 − -N levels fluctuated greatly when exudates were added, and because of the weak nitrification there was intense denitrification. The removal efficiency of TN was in accordance with that for NO 3 − -N. The removal efficiencies of exudate treatments were higher than control CWs by 47.1-58.67%, indicating that exudates promote denitrification. Furthermore, selected compounds of the exudate mixtures had different pollutant removal efficiencies: the removal efficiency of NO 3 − -N in Ami (-)-treated groups were the fastest, while the changes in removal efficiency were almost synchronous for the ARE, Glu(-), and Org(-) treatments. 
Quantification of Denitrifying Bacteria
The abundances of nirK-and nirS-encoding denitrifying bacteria for the different treatments were quantified and are shown in Table 2 . Most microbial abundances obtained after exudate treatment were higher than for the control group, which means that the artificial exudates was conducive to microbial growth. The three LMWCs had different effects on microbial abundance, ARE and Glu(-) treatments had significant difference than others between the five different treatments, ARE treatments were most beneficial to denitrifying microbial abundance. The order of gene abundance was ARE > Glu(-) > Org(-) > Ami(-) > Con, the more ingredients in the artificial exudates, the higher the microbial abundance. Besides, when artificial exudates were added, nirK gene abundance increased more obviously than nirS genes, which may illustrate that the artificial exudates had more of an effect on nirK gene abundance than for nirS genes. in the five different CWs during the 15th period. Con, ARE, Glu(-), Org(-) and Ami(-) were different exudate treatments, symbolic meaning was from Table 1 .
The abundances of nirK-and nirS-encoding denitrifying bacteria for the different treatments were quantified and are shown in Table 2 . Most microbial abundances obtained after exudate treatment were higher than for the control group, which means that the artificial exudates was conducive to microbial growth. The three LMWCs had different effects on microbial abundance, ARE and Glu(-) treatments had significant difference than others between the five different treatments, ARE treatments were most beneficial to denitrifying microbial abundance. The order of gene abundance was ARE > Glu(-) > Org(-) > Ami(-) > Con, the more ingredients in the artificial exudates, the higher the microbial abundance. Besides, when artificial exudates were added, nirK gene abundance increased more obviously than nirS genes, which may illustrate that the artificial exudates had more of an effect on nirK gene abundance than for nirS genes. Note: The letters a, b and c indicate significant differences between the five different treatments (p < 0.05).
Community Composition of Denitrifying Bacteria
For this study, a total of 204,281 valid readings for five different treatments were retrieved from the Illumina MiSeq sequencing platform. Each library contained 13,833-31,869 reads (see Table 3 ), and the coverage values of all plots were higher than 99%. The OTU numbers ranged from 55 to 89 for each sample. Microbial community diversity was analyzed by calculating the Shannon and Simpson diversity index values; higher Shannon index numbers indicated more community diversity. For the nirK gene group, the Shannon index indicated microbial diversity, from highest to lowest: ARE > Org(-) > Glu(-) > Ami(-) > Con. For the nirS group, the order was Org(-) > Ami(-) > ARE > Con > Glu(-).
Genus-level distributions are shown in Figure 2 . Bacteria in the nirK gene group represented 20 different genera, with the dominant genera wildly distributed among different treatments. Paracoccus, Bosea, Enterobacter, Ensifer, and Achromobacter were the dominant genera. Bacteria with nirS genes were identified as representing 27 different genera and accounted for a total of 51.9-93.9% of all bacterial gene material. Sequences that could not be classified into any known group ranged from 6.1% to 48.1%, with Paracoccus, Acidovarax, Vogesella, and Dechloromonas the dominant genera. Almost all detected microbial genera were heterotrophic bacteria, and the majority of the bacteria corresponded with those represented in former studies of natural wetlands or CWs. Although bacterial community compositions shared similarities, the relative sequence abundance of some genera varied with exudate addition. For the nirK genes, the relative abundance of Paracoccus was predominant, at 73.95% in the Control CW, but it decreased to 6.52-42.29% with exudate addition. In contrast, the relative abundance of Bosea and Rhizobium increased by 13.29-47.83% and 6.83-8.78%, respectively, with exudate addition. Pseudomonas abundance was only 0.05%, and barely changed with the addition of exudates. For the nirS genes, there were many sequences that could not be classified into any known group, ranging from 6.1% to 48.1%, and the microbe sequences varied irregularly between different treatments. The relative abundance of Azoarcus was 32.47% in the control group; in contrast, Azoarcus occurred in trace amounts in the exudate-treated groups. Acidovorax and Paracoccus showed opposing changes: the relative abundance of Acidovorax increased in combination with decreasing Paracoccus. Change was absent for the Glu(-)-treated group, a significant difference from other treatments. With this treatment, Zoogloea presence was 20.83% higher than other genera by 17.65-19.09%. 
LMWC Substrates Degradation and Their Relevance on Denitrifying Microbes
Degradation efficiencies of 48 h artificial exudates are shown in Figure 3 . In groups treated with organic acids, the mean removal efficiency of succinic acid differed significantly among the treatments, and tartaric acid had higher degradation efficiency than succinic acid. For sugar-treated groups, mean sucrose and glucose removal efficiencies also differed significantly among the treatments: sucrose had a similar removal efficiency to glucose except for the Ami (-)-treated group, in which the removal efficiency of sucrose was about twice as large as glucose.
The influences of environmental variables on the bacterial communities were analyzed by RDA. Figure 4 show the RDA results for LMWC substrates (organic acids and soluble sugars) and denitrifying communities at the genus level. The first two RDA axes explain more than 95% of the total variance observed in bacterial community structure. For the nirK genes, succinic acid positively affected Enterobacter and Ensifer; tartaric acid positively affected Achromobacter, Ochrobactrum, and Agrobacterium; and sucrose and glucose positively affected Sinorhizobium, Neorhizobium, and Rhodobacter. Among these microbes, the relative abundances of Ensifer and Achromobacter, predominant microbes in these experiments, were 1.87-13.69% and 2.01-11.34%, respectively. Therefore, organic acids more strongly affected nirK genes. Meanwhile, for nirS genes, about half of the denitrifying bacteria were positively correlated with sucrose and glucose, and the influence of carbohydrates on nir-genes seemed to be more obvious in nirS genes. We noted that a small percentage of genera responded negatively to the artificial exudates: for instance, Paracoccus was negatively correlated with most LMWC substrates. Moreover, no artificial exudates had a significant effect on the nirS-and nirK-encoding denitrifying bacteria genera in the root rhizosphere (p > 0.05 by Monte Carlo permutation test). Figure 2 . The community composition of (A) nirK-encoding denitrifying bacteria and (B) nirS-encoding denitrifying bacteria at genus level in CWs.
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Degradation efficiencies of 48 h artificial exudates are shown in Figure 3 . In groups treated with organic acids, the mean removal efficiency of succinic acid differed significantly among the treatments, and tartaric acid had higher degradation efficiency than succinic acid. For sugar-treated groups, mean sucrose and glucose removal efficiencies also differed significantly among the treatments: sucrose had a similar removal efficiency to glucose except for the Ami(-)-treated group, in which the removal efficiency of sucrose was about twice as large as glucose.
The influences of environmental variables on the bacterial communities were analyzed by RDA. Figure 4 show the RDA results for LMWC substrates (organic acids and soluble sugars) and denitrifying communities at the genus level. The first two RDA axes explain more than 95% of the total variance observed in bacterial community structure. For the nirK genes, succinic acid positively affected Enterobacter and Ensifer; tartaric acid positively affected Achromobacter, Ochrobactrum, and Agrobacterium; and sucrose and glucose positively affected Sinorhizobium, Neorhizobium, and Rhodobacter. Among these microbes, the relative abundances of Ensifer and Achromobacter, predominant microbes in these experiments, were 1.87-13.69% and 2.01-11.34%, respectively. Therefore, organic acids more strongly affected nirK genes. Meanwhile, for nirS genes, about half of the denitrifying bacteria were positively correlated with sucrose and glucose, and the influence of carbohydrates on nir-genes seemed to be more obvious in nirS genes. We noted that a small percentage of genera responded negatively to the artificial exudates: for instance, Paracoccus was negatively correlated with most LMWC substrates. Moreover, no artificial exudates had a significant effect on the nirS-and nirK-encoding denitrifying bacteria genera in the root rhizosphere (p > 0.05 by Monte Carlo permutation test). 
Discussion
In CWs, there are many kinds of plants, which release lots of exudates and modify their rhizospheric environment [15] . The aim of this research was to determine the effects of exudate compounds on microbial N removal in CWs. N removal efficiency was measured to illuminate the function of denitrifying bacteria. Our study demonstrates that removal efficiency for TN in exudate-treated groups was significantly higher than for control groups, suggesting that artificial root exudates act as a C source to promote N removal. Moreover, in contrast to the other treatments, the Ami(-)-treated group had the highest removal efficiency for N. N is a key element for biosynthesis, and the availability of amino acids is of prime importance since these molecules are directly incorporated in metabolic pathways [22] . The presence of amino acids may affect the use of NO 3 − -N by microorganisms, and amino acids may have special functions in the denitrification. The role of amino acids in denitrification in CW should be the subject of future study. In this study, the more exudate ingredients are present, the higher the microbial abundance. The Ami(-)-treated group had moderate gene abundance but the fastest removal efficiency of N pollutant. This result contrasts with previous studies showing that microbial abundance is more likely to be correlated with potential microbial activity [23, 24] . However, Shrewsbury et al. [25] reported that environmental variables had an influence on denitrification rates and were a more important driver than denitrifying bacteria abundance; that study also suggested that nutrient availability was likely the most suitable predictor of denitrification rates. This may explain our results for the Ami(-)-treated group, in which although denitrifying bacteria had moderate gene abundance, the microbial community was suitable to the environment and conducive to N removal.
Although the dominant genera shared similarities in all treatments, the relative abundance of genera varied with the addition of LMWC substrates. This difference could indicate that some microbial communities may be more functionally plastic, taking advantage of changes when organic substrates were added, while others are more functionally resistant. We also found that organic acids significantly affected nirK gene abundance while soluble sugars seemed to be more important to nirS gene abundance. However, we noted that the same C concentration of artificial exudates led to similar NO 3 − -N removal efficiency, except for Ami(-), indicating that variations of C source had no significant effect on NO 3 − -N removal. There is evidence that plants actively select specific elements of their bacterial rhizospheric microflora [26] [27] [28] ; hence, we speculate that microbial abundance and community jointly affected N removal, and that total organic C is the main factor influencing the denitrification. In the construction of CWs, plants that secrete more organic C should be prioritized. Distinct changes in bacterial communities in CWs amended with artificial exudates were revealed by Illumina high-throughput sequencing. These results indicate the potential importance of LMWC compounds in influencing the structure of bacterial communities, in general agreement with other studies [22, 29] . Some genera in our study responded positively to the artificial exudates; this result confirms previous studies suggesting that the most common sugars, organic acids, and amino acids associated with root exudate to rhizosphere are nutrient sources, chemoattractant signals, and promoters for microbial growth [30] . Interestingly, a small percentage of genera in our study responded negatively to the artificial exudates. Michalet et al. [31] suggested that a negative impact may result from the direct inhibition of microorganisms due to the presence of particular compounds. In our study, artificial exudates were the most common C substrates, which are often used as C sources for microorganisms; hence this negative impact was more likely given that some genera were outcompeted by the rapid growth of other microorganisms better able to adapt to the environment [32] .
The microbial communities were changed by the added artificial exudates, but there was no significant relationship between C substrates and bacterial community composition (p > 0.05 by Monte Carlo permutation test). There are three possible reasons for this nonsignificance. Firstly, substrate use efficiencies likely vary across substrates; for example, sucrose converted to glucose by microbial metabolism would mean that the actual amount of glucose was more than the amount of inflow. Secondly, some substrates may have been catabolized with no apparent net microbial biomass accumulation. Thirdly, some genera may have increased equally in response to the addition of certain substrates, so that relative shifts in community composition would be undetectable [33] .
Furthermore, the degradation efficiency of four substrates varied with substrate combination. Tartaric acid and glucose were the dominant C sources for microbial denitrification. The redox properties of organic acid are influenced by its own structure and functional groups. Tartaric acid contains two α-OH functional groups: hydroxyl (-OH) belongs to the electron-donating group. Succinic acid has only two carboxyl (-COOH) groups, which are strong electron-withdrawing groups. In the process of denitrification, NO 3 − -N reduction needs electrons. This may be the reason that tartaric acid was more utilized as a denitrifying microbial C source and more degraded. Sucrose converts to glucose in the path of microbe metabolism, and glucose degradation included the transformation of sucrose. Our glucose degradation rate was actually higher than the expected degradation rate, so glucose had a higher utilization than sucrose in denitrifying microorganism metabolism. These results may thus be of use in reflecting the ability of C substrates to metabolize via microbes; the choice of easy degradation substrates should be a priority in experiments adding C sources. We did observe significant N removal in response to the addition of artificial exudates. It is important to note that, in order to achieve rapid responses of microorganisms, the concentrations of added LMWC were relatively high, although in natural water bodies, both N and C pollutants occur at relatively low concentrations (typically less than 10 mg L −1 ), and the highest removal of TN often occurs at a C/N ratio of 5-7 [34] -so longer-term responses observed under field conditions may not equate with the shorter-term responses observed here. In the early stages of wetland operation, plant growth is not sufficient to provide a C source for microorganisms, therefore, we may add artificial exudates to wetlands to facilitate the startup. Further work is required to determine how these LMWC compounds may alter microbial communities of denitrifying bacteria using lower concentrations. Furthermore, sugars and organic acids are only a fraction of the exudate constituents of aquatic species. In the future, many more chemical constituents (for example, phenolic compounds, flavonoids, and alkaloids) that derive from exudates of land plants should be studied in aquatic plants.
Conclusions
LMWC substrates promoted N removal in CWs. Organic acids and soluble sugars increased N removal while amino acids were negative to N removal. Total organic C was the main factor influencing the denitrification; artificial exudates (organic acids, soluble sugars, amino acids) induced variations in abundances and affected the microbial community composition of denitrifying bacteria, although there was no significant relationship between LMWC compounds and bacterial community composition.
In summary, we suggest that although the ways that community structures of denitrifying bacteria respond to exudate addition as a complex ecological process is an open question, there is promise for N removal in response to exudate additions across LMWC types.
